ABSTRACT The longitudinal drawbar and the lateral stabilizer bar of straddle-type monorail vehicle with the single-axle bogies have relatively long structure size. The multibar system leads to deformation during the driving process due to impact loads, even leads to influence on the dynamic characteristic of the hauling mechanism as well as the riding comfort of the whole vehicle. To evaluate the dynamic behavior of straddle-type monorail vehicle with single-axle bogies accurately, a full-scale rigid-flexible coupling multibody dynamics method is proposed based on multibody dynamics and finite element (FE) theory. The modal synthesis method is adopted to establish flexible multibody dynamics of the single-axle bogies. And then rigid-flexible coupling dynamic model of the straddle-type monorail vehicle is established with the ADAMS software. The validity of the full-scale model is verified. Finally, the influences of vehicle velocity, passenger mass, curve radius and the number of axles on dynamic characteristics are discussed.
I. INTRODUCTION
With the rapid development of the society and the economy as well as the accelerated urbanization process, urban traffic has been facing huge pressure. The urban railway system has advantages of large capability and low air pollution. The development of urban railway transit system is an effective solution, which has been adopted by a great deal of cities [1] - [3] . The straddle-type monorail vehicle with single-axle bogies is a medium-traffic elevated rail transit system with the advantages of smaller curve radius and lower noise than the subway.
Because it is difficult to analyze all the dynamics of straddle-type monorail vehicle by experiment due to the high The associate editor coordinating the review of this manuscript and approving it for publication was Sara Dadras.
costs of construction, most research in this area has been conducted by numerical analysis rather than experimental evaluation. With the development of virtual prototypes, some scholars have established the multi-body dynamical model for monorail vehicles by utilizing dynamical software. The dynamic response was researched based on the monorail beam -vehicle coupling dynamic response [4] - [9] . By utilizing multi-rigid body dynamics, Gado et al [5] conducted analysis on dynamical response to the straddle-type monorail vehicles. In order to evaluate the riding comfort of railway vehicles on bridges, the Lagrange Equation was utilized to establish the railway vehicle-bridge coupling motion equation and the vehicle equation of 15 degrees of freedom, with test analysis [6] . The numerical simulation of dynamic interaction between the moving monorail train and the bridge frame for the new line known as Expresso Tiradentes, VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ which served as an extension of the São Paulo Metro Line 2 in Brazil, was presented [7] . To assess the dynamic behavior of the monorail-bridge system, an innovative model of the train-guideway interaction was developed based on multi-body dynamics and finite element simulation [9] . The equation of motion for the curving simulation was devised by using a multi-body dynamics method [10] . The simple vibration of three-span continuous beams traveled by trains moving at high speed was studied in this paper [11] . The 2D steady-state response and riding comfort of a train moving over a series of simply supported railway bridges, together with the impact response of the rails and bridges were discussed [12] . A numerical model of the coupled monorail train-bridge system was established to investigate the dynamic behaviors of the bridge under moving trains. A refined three-dimensional finite element model was built for the bridge and a 15 degrees-of-freedom vehicle model was presented for the train [13] . A modal superposition approach was adopted to derive the dynamic response of coupled vehicle and bridge systems [14] . A mathematical model of a railway carriage moving on tangent tracks was constructed and influences of vertical secondary suspension spring stiffness on the ride passenger comfort of railway car body was studied by Principle of limit cycle and phase plane [15] . A mathematical model of a straddle-type monorail vehicle was developed in order to study its stability and the effect of tire modeling techniques on its dynamic response in the reference [16] . By studying the experimental results of Chongqing straddle monorail, an indirect detection method of the wheel out of round was put forward [17] , [18] . However, the above references utilize the vehicle models of multi rigid body model, the influences of flexibility of vehicles on vibration do not taken into consideration. In addition, some researchers have been carried out control technologies and optimization technology to improve dynamic performance and riding comfort of railway vehicles [5] , [19] , [20] , such as semi-active control technology [21] , robust control [22] and optimization technology [23] - [28] . The semi-active suspension for the monorail specifically in terms of improving ride quality could be exploited further [19] . However, there is no sufficient study on the new structure of the single-axle bogies. Aiming at the monorail bogie, a new type of single-axle bogie of straddle-type monorail vehicle was designed. The tumbler structure is adopted in the vertical suspension system [29] . Meanwhile, the multi rigid dynamic model of the straddle-type monorail vehicles with single-axle bogies with 34 degrees of freedom was established [30] - [33] . However, no study has considered the deformation of the space bar system of the vehicle model thus far. It can be found that the multi-rigid body dynamics model is adopted in the multi-body dynamics analysis of straddle monorail vehicle so far. Obviously, this model cannot accurately reflect the structural characteristics of the bogie. An effective multi-body dynamics modeling is the foundation for the characteristics of straddle-type monorail vehicle with single-axle bogies.
How to establish a rigid-flexible coupling multi-body dynamics model, accurately describe the structure and dynamic behavior of single-axle bogie, and how to accurately investigate the dynamic behavior of straddle monorail vehicle with single-axle bogie are still a huge challenge.
During the driving process, the changing force and moment of the straddle-type monorail vehicle give rise to deformation of some parts with large size. Especially, space multi-bars system is adopted as the hauling mechanism for single-axle bogies. Therefore, with the development of monorail vehicle design towards light-weighting in the study of monorail vehicle system dynamics, the flexible deformation of the spatial multibar mechanisms should not be ignored. Compared to multi-body dynamic, 3D finite element method can simulate the complex structure and has the advantage of higher modeling accuracy [34] . Meanwhile, computational is economic and acceptable [35] - [38] .
Therefore, in order to evaluate the dynamic behavior of straddle-type monorail vehicle with single-axle bogies accurately, it is necessary to establish flexibility multi-dynamic of the multi bars system (including longitudinal drag bar, torsion bar, torque arm, and lateral drawbar) with large deformation.
The goal of this study is to carry out a systematical investigation of effects of spatial multibar mechanisms flexibility on the dynamic behavior of monorail vehicle, where it shows the necessity of introducing the spatial multibar mechanisms flexibility into straddle-type monorail vehicle dynamics. The main contributions of this paper are listed as follows:1) a rigid-flexible full-scale coupling dynamics method is proposed to study dynamic model and behavior of straddle-type monorail vehicle with single-axle bogies.;2) and the experiment test is conducted to verify the validity of the model. This paper is organized as follows: the finite element method to achieve flexibility on the hauling mechanism is utilized in Section II. The rigid-flexible coupling dynamic model of full-scale vehicle is established by the multibody dynamic software Adams, and simulation comparison is conducted to the experiment dynamics response of the vehicle, so as to verify the validity of the model in Section III. Section IV discusses dynamic behaviour on the influences of the vehicle velocity, the passenger mass, and the orbital curve radius. Ultimately, Section V concludes this paper.
II. MODEL OF MULTI FLEXIBLE BAR SYSTEM
The longitudinal force between the vehicle body and bogie is transferred by a set of spatial multibar mechanisms, which also suppresses the pitch motion of the monorail vehicle [30] . The spatial multibar mechanism is the key component for bogies, which is composed of 4 drawbars, 2 torsion bars, 1 lateral connecting rod, and 1 oil pressure spring. The drawbar front-end rubber joint connection bogie delivers traction between the vehicle body and the bogie and absorbs the lateral deflection load. The high-dam oil damper plays the main role of attenuating vertical vibration or deflection vibration of the bogies. The structure of the space bar is illustrated in reference [39] . In the multi body model, flexible deformation of the spatial multilink mechanisms should not be ignored. In the rigidflexible coupling model, flexible deformation is considered in the process of constrained motion.
A. FLEXIBLE MULTI-DYNAMIC THEORY
The global position of node k is illustrated in the Fig 1. The coordinate expression of flexible node k [40] is:
where b k = x k + x f is the position of the node k in the fixed coordinate system; r k is the position vector of point k in the inertial coordinate system; r i is the position vector of the floating coordinate origin in the inertial coordinate system; A i is the direction cosine matrix; x k is the position vector of point k in the floating coordinate system without deformation; x f is the relative deformation. The velocity at any point of the flexible body [41] 
Thus, the kinetic energy of the flexible body is:
where u k is a rotational inertia; α k is the generalized node angular velocity. Finally, the kinetic energy of the flexible body with n nodes is
The Lagrangian equation of the flexible body is [42] , [43] :
where
is the stiffness matrix; q i is the velocity vector of the flexible body; g i is the vector of the external force.
The flexible dynamic theory is mainly based on the fixed interface mode synthesis method [40] . The elastic displacement of the object is expressed by the linear combination of the modal vector and modal coordinates. The deformation is expressed by calculating the elastic displacement at each moment. The interface of the flexible part is fixed and the modal matrix is established. Modal matrix is illustrated
where ϕ 1N is main mode matrix; ϕ 1C is the constrained modal matrix. The main mode is the natural mode which is correspondence with the internal coordinate. The constrained mode is the static mode of the static displacement distribution formed by successively releasing each part of the boundary degrees of freedom.
where I and 0 represent the identity matrix and the zero matrix respectively; s is the displacement matrix.
Equations (6) and (7) are transformed, the motion equation of the flexible body is established.
whereM,K are the mass matrix and stiffness matrix after conversion; f containing the constrained modal force and the natural modal force of the flexible body; θ is the state variable of a multi-body system; t is the time.
B. FINITE ELEMENT MODEL OF THE FLEXIBLE TRACTION BAR SYSTEM
The straddle-type monorail bogie mainly includes the hauling mechanism, the running wheel, the steering wheel, the steady wheel, the sand clock spring, the oil pressure absorber and the framework [30] , [44] . The three-dimensional structure is designed in the CAD software and the material property in the Hypermesh software is inllustrated in the table 1.
The model consists of a total of 272,799 4-node tetrahedral elements and 70,507nodes. After the generation of the flexible finite element model in the Hypermesh software, the ADAMS macro command is utilized to output the modal neutral documents by the Adams software, which includes all the information of the flexible body, so as to acquire the model of the parts of the flexible body [45] . In this investigation, only the first 13 global deformable modes of the spatial multibar mechanisms were introduced into the flexible simulations. The global flexible modes and their natural frequencies are ranged from 17.85 to 928.14Hz [46] . Based on the modal synthesis method, a number of fixed interaction points are selected for the main degree of freedom reduction. Based on the modal synthesis method, a number of fixed interaction points are selected to reduce the main degrees of freedom. Finally, a flexible framework is established.
III. RIGID-FLEXIBLE COUPLING DYNAMIC MODEL OF FULL-SCALE STRADDLE-TYPE MONORAIL VEHICLE WITH THE SINGLE-AXLE BOGIES A. MODEL OF UNEVENNESS OF PC RAIL BEAMS
According to the straddle-type single-rail PC (prestressed concrete) rail beam structure and casting technology, there are large differences between steel rails for PC rail beams, railway vehicles and metro vehicle, while it is certain similar to concrete pavement of vehicles. Therefore, the PSD [47] density function is adopted for the unevenness model of the straddle-type monorail vehicle, as the following:
The values of (9) are listed as follows. Surface irregularity samples of contact surface are illustrated in Figure 2 . Rail beam top running surface:
Rail beam lateral guide wheel contact surface:
Rail beam lateral steady wheel contact surface: α = 0.0006, β = 0.5, n = 2.60
B. RAIL LINE MODELING
By taking transition curve, longitudinal slope, elevation of curve, joints of rails and structural characteristics of turnout into consideration, the typical rail model composed by linear segments, curve segments and transition curves which can reflect actual rail characteristics is established. The width of the track is 690 mm. The radius of the rail is composed of three segments [22] Track geometry for the curve with radius 200 m is illustrated in Fig 3 and curve track scenarios are illustrated in Table 2 .
C. COUPLING DYNAMIC MODEL AND MODEL VERIFICATION
The UA model is used in the tire rolling process to establish the contact dynamic equation between the tire and the road surface. The method to calculate the lateral forces is illustrated in reference [48] . Main parameters of straddletype monorail vehicle with single-axle bogies are illustrated in table 3. The rigid-flexible coupling dynamic model of the full-scale straddle-type monorail vehicle with single-axle bogies is illustrated in Fig 4. Scheme of coupling dynamic analysis of straddle-type monorail vehicle is illustrated in Fig 5. In order to verify the validity of the model, it is needed to conduct experiment on the model [49] . The comparison of the two numerical models is illustrated in Fig 6 with the simulation speed 18km/h. When comparisons on the rigid-flexible coupling dynamics in Fig 6, there are significant differences in time domain of lateral vibration acceleration and response of frequency domain. The vibration acceleration of the lateral rigid multibody model is significantly lower than the newly proposed rigid-flexible coupling model. In order to verify the validity of the rigid-flexible coupling model, further test on the model is conducted and the pressure sensor and Germany IMC data collection system are adopted with the test conditions of GB5599-85 [50] . The data collection and processing procedure are illustrated in Fig 7 (a) . The Famos software is utilized to acquire the acceleration power spectral density. The test is adopted to verify the established straddle-type monorail vehicle model, and the test results are illustrated in Fig 7 (b). Fig 7(b) indicates that the result of the simulation in frequency 0-10Hz is consistent with the test and the amplitude of the test in the frequency greater than 10Hz is slightly larger than the simulation amplitude. According to the above results, the simulation result is slightly different from the trend of the actual road result. The reasons are listed as follows: There are some differences in mechanical response between the vehicle model and the actually measured model. Necessary simplification is conducted to the structure of the actual vehicle in the model, with certain differences on various characteristic parameters [30] . According to the above results, the established rigid-flexible coupling model is reasonable and effective.
IV. RESULTS AND DISCUSSION
One car model in the simulation is included in the article. The vibration response of the vehicle depends on vehicle s parameters and rail parameters. The vehicle parameters mainly include types of vehicles as well as changes in speed and passenger mass [15] . The rail curve radius is the plane core parameters, with great influences on dynamic characteristic [51] . 
A. VEHICLE VELOCITY
The influences of dynamic acceleration at different velocities and the root mean square (RMS) of the vehicle are shown in Fig.8 in line condition. The vertical acceleration RMS and the horizontal acceleration RMS increase with the increase of vehicle velocities but all meet the requirement of comfort [52] , which the maximum allowed values for comfort is 75 cm/s 2 . With the increase of vehicle velocity, there is some discomfort in the vertical direction [49] . Under the same working condition, the vertical and lateral response of the rigid-flexible coupling dynamic model is greater than that of the multi rigid body dynamic model. The acceleration RMS by multi rigid body dynamic model increases greater than rigid-flexible body dynamic model, especially lateral acceleration response. Specifically, the lateral acceleration RMS increases maximum by approximately 8cm/s 2 , while vertical acceleration RMS increases maximum by approximately 9cm/s 2 .
B. PASSENGER MASS
Car body masses is illustrated in the reference [7] , the mass for AW1 is 15,500kg, AW2 is 25,020kg, AW3 is 27,820kg. The impact of the passenger mass on the vehicle dynamics is illustrated in Fig 9. Under the same R=200m working condition, the acceleration response of rigid-flexible model is greater than that of multi-rigid body model. The vertical acceleration response fluctuates greatly, while the passenger mass has little effect on lateral acceleration response. With the mass increased, the lateral acceleration RMS and vertical acceleration RMS decreased. RMS of different rail curve radius are illustrated in Fig 12. According to Fig 12, the acceleration RMS decreases with the increase in curve radius. According to research results, the acceleration RMS of large radius of curve is better than that of small radius of curve. In addition, the vehicle body center has the least acceleration RMS, so the car body center has the least vibration. Compared the accelerations RMS in the front, center and rear of the car, the values in the front are greater obviously. In additions,both lateral and vertical acceleration RMS of monorail vehicle obtained using rigid-flexible coupling model is much larger than that calculated by the multi rigid model, and the difference of the lateral acceleration response is larger than that of the vertical vibration response. Specifically, the maximum lateral acceleration RMS increases by approximately 8cm/s 2 , while maximum vertical acceleration RMS increases by approximately 7cm/s 2 .
D. NUMBER OF AXLES
The influence of the number of different axes on the dynamic response in AW1 condition is illustrated in Fig 13. The simulations refer to the rigid-flexible model. The parameters of double-axle monorail vehicle are illustrated in the references [4] , [53] . The vertical RMS increases with the increase of vehicle speed. Monorail vehicle with single-axle bogies and monorail vehicle with double-axle bogies are in good agreement in vertical. However, with the increase of velocity, the lateral acceleration response of monorail vehicle with the double-axle bogies increases, but that of monorail vehicle with the single-axle bogies decreases. The lateral acceleration response of the monorail with single-axle bogie is more sensitive to velocity. Specifically, the vertical acceleration RMS difference value between single-axle bogies and double-axle bogies is approximately 7cm/s 2 , while that of lateral acceleration RMS is approximately 10cm/s 2 .
V. CONCLUSIONS
A full-scale rigid-flexible coupling dynamics method is proposed to study the dynamic behavior of straddle-type monorail vehicle with single-axle bogies and then the validity of which is verified based on experiments. The modal synthesis method is adopted to establish flexible multibody dynamics of the single-axle bogies. The influencing factors on dynamic response on rigid-flexible coupling dynamic model of the straddle-type monorail vehicle are analyzed. According to research results: 1. Under the same working condition, the vertical and lateral acceleration RMS of the rigid-flexible coupling model are greater than that of the multi rigid body model. The acceleration RMS by multi rigid body dynamic model increases greater than rigid-flexible body dynamic model, especially lateral acceleration response; 2. Under the same working condition, the acceleration response of rigid-flexible model is greater than that of the multi rigid body model. The vertical acceleration response fluctuates greatly, while the passenger mass has little effect on the lateral acceleration response; 3. The acceleration RMS gradually decreases with the increase of the curve radius, and the car body center has the least vibration.; 4. Monorail vehicle with single-axle bogies and monorail vehicle with double-axle bogies are in good agreement in vertical. However, with the increase of velocity, the lateral acceleration response of monorail vehicle with the double-axle bogies decreases, but that of monorail with the single-axle bogies increases. The theoretical basis for the design and operation of straddle type monorails vehicle with single-axle bogies are provided.
